The appearance and development of thermoconvective oscillatory flows are investigated experimentally with numerical support in a liquid bridge of aspect ratio G ¼ 1:2 filled with 5-and 10-cSt silicone oils and subjected to a temperature di¤erence DT. The experiments with high Prandtl number fluids were carried out under terrestrial conditions for a wide range of volumes of liquid bridges in open air and with shielding. For the experiments in open air, the temperatures of the gas and liquid close to the interface remain practically constant along most of the interface. Moving across the interface, i.e., from the liquid to the gas, a temperature ''jump'' is found with T gas amb À T liq surf Q 0:4DT Q9 K over a distance of less than 1 mm for slender liquid bridges. This tendency remains valid for fat liquid bridges. This sharp temperature drop represents additional disturbances in destabilizing the system. The flow is steady and axisymmetric at su‰ciently low values of DT. The magnitude of DT at which the flow becomes oscillatory depends on the relative volume of the liquid and on the external conditions.
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Introduction
Convective flows induced by variations of surface tension with temperature or composition along an interface are important in many technological processes. The study of thermocapillary convection in liquid bridges is aimed at understanding the floating-zone crystal-growth process. In this system, a fluid volume is held by surface tension between two di¤erentially heated horizontal flat co-axial disks. The convective flow is initiated by thermocapillary forces even for very small applied temperature di¤erences and evolves under the combined action of two e¤ects: buoyancy and thermocapillarity. The relative importance of each e¤ect is determined by the dynamic Bond number, Bo dyn , which is the ratio of the Rayleigh number, Ra, and the Marangoni number, Ma. The convective flow becomes unstable, oscillatory in the case of high Prandtl number liquids, when the temperature di¤erence increases and achieves a certain critical value, DT ¼ DT cr .
There are many factors that influence DT cr : the Prandtl number, the aspect ratio, the liquid bridge shape, and the heat exchange with the environment. Starting from the analysis by Wanschura et al. [1] , many numerical studies have been done to understand the instability mechanism under various conditions. The influence of thermal conditions near the free surface of the liquid bridge on the onset of instability remains obscure and is the main subject of the present study. Usually the liquid bridge is assumed to be thermally insulated or a Biot number (Bi) takes the heat exchange at the free surface into account.
The heat flux from the free surface can be written as Àl l dT=dn ¼ hðT À T air Þ; or in dimensionless form dY=dn ¼ ÀBiðY À Y air Þ, where Bi ¼ hR=l l is the Biot number, h is the heat transfer coe‰cient to the ambient air, l l is the thermal conductivity of the liquid and Y ¼ ðT À T cold Þ=DT. Shevtsova et al. [2] showed that Bi ¼ ðl gas =l l ÞRe 1=2 gas F ðPrÞ. It follows that Bi is a function of the liquid and gas heat conductivities, Reynolds number of the gas, and a weak function of Pr. Thus there are only a few ways to control Bi experimentally: change the surrounding gas (as in the experiments by Azami et al. [3] performed in oxygen environment), change the gas velocity by blowing air along the interface, or evaporation from the free surface.
The first numerical studies of the influence of heat loss from the free surface by Neitzel et al. [4] and by Kuhlmann and Rath [5] showed that the flow is slightly stabilized with increasing Bi. Recent numerical studies with Pr ¼ 30 by Sim and Zebib [6] have confirmed that increasing Bi increases Ma cr (i.e., DT cr ). A similar tendency was found earlier in our calculations [2] with Pr ¼ 108. Linear stability analysis of the full zone with radial heating by Wanschura et al. [7] has shown that, for Pr ¼ 4 liquid, this tendency holds up to Bi ¼ 18, where Ma cr reaches a local minimum.
In a combined numerical and experimental study, Kamotani et al. [8] reported the opposite tendency; increasing a Biot number destabilizes the flow. However, their definition of the Biot number was in terms of DT rather than the di¤erence between the free surface and the surrounding air temperature, which can be shown to explain this apparent disagreement.
The first experiments indicating the importance of heat exchange with surroundings was reported by Shevtsova et al. [9] . They found that the critical azimuthal wave number is di¤erent in the experiments with and without shielding kept at room temperature. Recently, it was shown experimentally by Kamotani et al. [10] that DT cr changes by a factor of two or three by varying the air temperature relative to the cold wall temperature.
Heat loss and heating of the free surface were experimentally investigated by Schwabe and Frank [11] in a hollow floating zone. They showed that Ma cr and the frequency increase significantly when the free surface is cooled.
Additional experimental studies of these instabilities with various heat transfer possibilities are desirable. Moreover, di¤erent thermal surrounding conditions may play the role of external disturbances. Here we provide further insight into heat transfer and the stability of deformable liquid bridges.
Experimental set-up
A wide spectrum of silicone oils is often used in terrestrial and microgravity experiments. The reasons for using high Prandtl number silicone oils are the reproducibility of the surface tension and its well-defined dependency upon temperature. Therefore 5-and 10-cSt silicone oils (Pr ¼ 68:4 and Pr ¼ 108) were chosen as working liquids. The physical properties of these liquids are listed in Table 1 . The experiments were carried out in tiny liquid bridges to minimize buoyancy e¤ects. The present results correspond to a liquid zone of length d ¼ 3:6 mm and of radius R 0 ¼ 3:0 mm; as a result the aspect ratio is G ¼ d=R 0 ¼ 1:2. The dimensionless volume of the liquid is measured with respect to the straight cylinder, V ¼ Vol=V 0 where V 0 ¼ pR 2 0 d. A sketch of the experimental set-up is shown in Figure 1 .
The upper rod was constructed in such a way that three-dimensional movements are possible. A heating element (Resistor Minco RQ100 Ohms) was mounted around the upper rod to heat the fluid from above. The lower rod was kept at a constant temperature using a thermoregulated water-cooling 
934.
A study of heat transfer in liquid bridges near onset of instability 263
system. The rods holding the liquid zone were made from aluminum alloy (l ¼ 164 W =mK) and had the same diameter, 2R 0 ¼ 6:0 mm.
To establish a floating zone, the liquid was injected from a dedicated push syringe into the gap between rods. The push syringe enabled measuring the liquid volume with high accuracy. This is important as the onset of time dependence is sensitive to the fluid volume. The lateral surface was coated with anti-wetting agent FC723 to prevent liquid creeping over the edge. All experiments were carried out with liquid bridges having non-flat interfaces.
Temperature oscillations due to time-dependent convection were measured by inserting 5 shielded thermocouples (D ¼ 0:25 mm) inside the liquid at the same radial and axial positions and di¤erent azimuthal angles. These thermocouples were embedded into the liquid through the upper rod to prevent disturbing the free surface. It should be mentioned that one of the driving forces, the thermocapillary force, acts on the free surface due to temperature dependence of the surface tension s ¼ sðTÞ. Perturbations of the free surface may lead to undesirable e¤ects. The choice of 5 thermocouples enabled the determination of the critical wave number and the type of hydrothermal wave without ambiguity. An odd number of thermocouples was required for this purpose but 3 were not enough to clearly identify the m ¼ 2 mode.
All temperature signals given by the thermocouples were amplified and bandpass filtered before being recorded by a computer. The signals were recorded at time intervals of 0.1 s. The whole system was surrounded by a plexiglass box of large volume during all the experiments in order to protect the liquid bridge from movements in the lab air. This plexiglass box is 330 mm in diameter and consists of a 370-mm-high cylinder.
The experiments were carried out under two di¤erent conditions of the surrounding gas. The first series of experiments was conducted in open air (inside the plexiglass box) and they will be referred to as non-shielded liquid bridge experiments.
In the second series of experiments, the liquid bridge was placed in a cylindrical co-axial pipe of larger internal diameter 2R 0 ¼ 12 mm, see Figure 1 . The double walls of the pipe were filled with flowing water whose temperature could be easily controlled. The thickness of this water cylindrical layer is about 3 mm. The height of the shielding cylinder was about 14 mm and in its axial position was beyond the temperature control rods (the diameter of the lower rod (thicker part) is R C ¼ 14 mm and of the upper is R H ¼ 10 mm). The small annual gap at the top was open to the ambient. Under such conditions, the experiments will be referred to as shielded liquid bridge experiments. This way the temperature of the ambient gas around the free surface could be kept at a required value. Although they were not connected, the temperature of the water and the temperature of the cold rod were kept equal throughout this study.
One of the goals of the experiments with shielding was to clarify the influence of the temperature of the cold rod on the critical parameters. For each particular experiment, the temperature of the cold rod was kept constant during the experiment. Schwabe and Frank [11] , Preisser et al. [12] carried out experiments when the working temperature in the liquid was about 300 C, and Ueno et al. [13] used T cold ¼ À20
C to avoid evaporation of 1-cSt silicone oil. Changing successively the temperature of the cold rod from 9 C to 35 C, a continuous variation of the Prandtl number was experimentally reproduced. The Prandtl number is given at the reference temperature of the cold rod Pr ¼ n ðT¼T cold Þ =a; here n is the kinematic viscosity and a is the thermal di¤usivity. In some places below, the abbreviation LB will be used for liquid bridge.
Temperature field near the interface

Experiments in open air
Heat transfer through the interface influences the stability of liquid bridges. To better understand this e¤ect, one should know the temperature and flow fields in the surrounding air. Contrary to physical intuition, experiments in an open-air environment correspond to a constant temperature profile in the gas close to the interface, while a linear profile prevails near the free surface of a shielded liquid bridge.
A special set of experiments was performed to measure the temperature distribution in the gas along the interface in non-shielded liquid bridges. The sketch of the experimental set-up is shown in Figure 2 . Two additional thermocouples (TC) at fixed distance Dh were used to measure the temperatures T h1 and T h2 as close as possible to the free interface from the gas side. The distances of these thermocouples from the free surface in the radial direction are denoted as r 1 and r 2 in Figure 2 and were checked by calculating the liquid bridge shape using the Young-Laplace equation. The axial positions of the TCs were symmetric with respect to the mid-plane of the liquid bridge.
The experimental results are summarized in Table 2 for V ¼ 0:8. Note: hereafter dT is used for notations of a local temperature di¤erence, while DT Figure 2 Sketch of the experimental set-up for measurements of the temperature profile in surrounding gas. Table 2 Measured temperatures in the gas phase along the interface, see Figure 2 , V ¼ 0:8. stands for the applied temperature di¤erence between rods. The convective flow was close to the critical point. The temperature of the hot rod was about 39 C while the cold rod was kept at room temperature of about T cold ¼ 20-22 C. The fluctuations in dT at the same Dh are caused by fluctuations in room temperature. We did not attempt to keep the room temperature constant from one experiment to another. It is interesting to see how the gas temperature varies along the interface while the room temperature changes slightly. The temperature in the gas is almost invariable even if the temperature di¤erence between the hot and the cold rods is quite large,
C. In the first two experiments, the temperatures T h1 and T h2 were measured only 0.3 mm away from the hot and cold rods (note that the total height is d ¼ 3:6 mm). Although T hot b 39 C, the TC in the air recorded a much lower temperature at the point r 1 : T h1 Q27 C. The largest measured variation of the temperature in the gas along the interface is not more than 2 K or about 10% of the applied temperature di¤erence DT.
The records from thermocouples in the gas phase given in Table 2 are shown in Figure 3 by crosses. The data from T h1 are located near the hot side (z ! 3:3 mm) and the data from thermocouple T h2 are concentrated near the cold side (z ! 0:3 mm). The dispersion of the crosses underscores the dependence on the room temperature. The temperatures of the upper and lower disks are indicated by small arrows. The quick changes in temperature in the vicinity of the rigid walls were not examined.
With reasonable accuracy, one may consider the ambient temperature in the gas along the major part of the interface as a constant (shown by a solid line in Figure 3) :
Figure 3 Measured temperature profile along the free surface in the gas phase. Experimental data were taken from Table 2 ; V ¼ 0:8, silicone oil 10-cSt. The temperatures of the upper and lower disks are indicated by small arrows.
To be more precise, the dotted line with a slope dT=dzQ0:5 C/mm shows a linear interpolation of the results. Thus, the experiments in a non-shielded liquid bridge correspond to uniform ambient temperature. Actually, for this open system buoyant convection in the gas near the interface is weak; the gas motion is driven mostly by the free surface flow, and the temperature of the gas near the liquid remains constant along the interface.
Numerical modeling was also performed to study the surface temperature distribution inside the liquid; see details in [14] . Here the numerical results are extended for liquid bridges with non-flat free surfaces. The formulation of the mathematical problem and the governing Navier-Stokes equations are given in [15] . Here we only give the definitions of the Prandtl, Grashof, Bond, and Biot numbers:
The Biot number for the present experiments is estimated at Bi ¼ 0:48; see [2] .
In order to model the non-shielded experiments, the temperature and flow fields were calculated using the following interfacial heat exchange condition:
The surface temperature profiles near the threshold of instability obtained numerically are shown in Figure 4a for LB volumes V ¼ 0:75, 1:0, 1:2. The shapes of the corresponding LBs are also shown. The results correspond to the 5-cSt silicone oil while DT ¼ 20 C and Bi ¼ 0. Although the di¤erence between the profiles is not large, it can be seen that the temperature profiles tend to be flatter as the liquid bridge volume increases. Evidently, the static shape of the liquid bridge does not have a strong impact on the surface temperature distribution at the central part of the interface. Mostly it becomes important near the hot corner.
The region with slightly varying temperature is framed by vertical dotted lines; the distance between them is Dh ¼ 2:5 mm. The numerically calculated temperature di¤erences between these points are listed in Table 3 for Bi ¼ 0 and Bi ¼ 0:48. In Figure 4b , 3 curves correspond to di¤erent Biot numbers while V ¼ 0:8. Clearly, the temperature distribution on the free surface for high Prandtl number liquids does not change much for small variations in the Biot number. As shown in Figure 4b , the di¤erence in surface temperature profiles for Bi ¼ 0 and Bi ¼ 0:5 is quite small. The Biot number Bi ¼ 5 has a large impact on the temperature field, but it is di‰cult to realize such large Biot number in experiments with non-evaporating liquids.
The numerical data in Table 3 shows the uniformity of the temperature on most of the free surface. The largest temperature variation on 70% of the The 3D calculations indicate that the free surface is almost at a constant,
except in very small domains close to the top and bottom rods. Comparison of the numerical curve T surf ðzÞ for the liquid phase when Bi ¼ 0:5 in Figure  4b and the experimental one (dotted) in Figure 3 in the gas phase demonstrates the same temperature distribution with height; even the small slopes are identical.
Comparing the temperature profiles on the free surface and the nearby gas phase given by Eqs. (1) and (4) shows that both correspond to di¤erent uniform temperature distributions. Hence there is a ''jump'' in the temperature across the free surface T liq À T gas Q0:45DT, or approximately 9 K on 0.7-1 mm, which cannot be easily explained. Although the temperature on the liquid side is obtained numerically, it does point to a temperature jump across the interface. We could not measure this temperature in the experiments as it would require inserting TCs in the free surface, resulting in major disturbances. It should be pointed out that heat transfer by radiation is not important here as all experiments are carried out at nearly room temperatures. Moreover, 3D numerical simulations taking into account temperature-dependent viscosity have demonstrated, see [17] , that for this relatively small realistic Biot number Bi ¼ 0:48 the surface temperature is not very sensitive to the shape of the temperature profile in the gas phase. The computed heat flux from the liquid interface given by Eq. (3) gives dT=dx ¼ 1:86 K/mm. This suggests that the motion of the ambient air plays an essential role in the heat transfer from the interface. This motion is basically driven by the moving free surface while the buoyancy should not play a crucial role. The measurement of the low gas velocity near the free surface with good accuracy could not be performed with the present set-up. The temperature ''jump'' may point to the existence of a thermal boundary layer, but there is no obvious reason for that. Intriguing behavior of the temperature across the interface in the case of an evaporating liquid was recently reported by Fang and Ward [18] . However, evaporation is not expected for 5-cSt silicone oil although some simple evaporation models can be described in the context of the Biot number.
An indirect confirmation of the existence of the temperature jump comes from consideration of the behavior of the oscillatory flow just above the threshold of instability. This ''jump'' introduces thermal perturbations in the system near (above) the critical DT. Indeed, the Fourier spectra of the time signal TðtÞ for the experiments with non-shielded liquid bridges reveal numerous harmonics from the beginning of the oscillatory instability, while in the same experiments with shielding, the spectra remained clean far above the threshold of instability (the amplitudes of harmonics were tiny); see [16] .
Few experiments were carried out to measure the air temperature away from the large volume LB. The records of thermocouples for V ¼ 1:2 are shown in Figure 5 where z (see insertion) measures the distance from the cold wall, 0 a z a 3:6 mm. The distance r is measured from the LB axis and the nonequal starting points for di¤erent z are due to the LB shape. The upper and lower curves trace the temperature above and below the LB (z ¼ 3:95 mm and z ¼ À0:55 mm). The second curve from below shows the temperature evolution almost on the level of the cold wall (z ¼ À0:05 mm). The two curves, corresponding to z ¼ 2:45 and z ¼ 0:95, reveal almost equal temperatures at the first possible common distance, r ¼ 3:8 mm when dT ¼ 0:25 K. They are in agreement with the numerical conclusion (see Figure 4a ) that the temperature profile at the central part of the interface is flatter with fat than with slender LBs.
Extensive information about the temperature distribution in the gas around the fat liquid bridge is shown in Figure 6 . It can be seen that the temperature of the gas along the major part of interface is limited by two isolines, T ¼ 26 C and T ¼ 28 C, although T cold ¼ T room ¼ 22:1 C and T hot ¼ 43:1 C. Such location of isolines indicates that gas flow in the vicinity of the interface is driven by the liquid shear.
Experiments with shielding
The point which we would like to discuss here is the following: what is the principal di¤erence between the various experimental conditions (shielded and non-shielded liquid bridges), in particular when the temperature of the shield is close to the temperature of the ambient gas. It appears that shielded and non-shielded experimental conditions correspond to di¤erent temperature distributions in the ambient gas. Thus, shielding not only changes the mean temperature in the surrounding gas but also the temperature distribution in the gas around the liquid bridge, and correspondingly the heat transport through the free surface.
An experimental study of the temperature profile in the gas phase similar to that in open air was not performed in the case of shielded liquid bridges. For such measurements the existing set-up would require major modifications. However, below we argue that a linear temperature profile is established in the gas phase near the liquid interface.
Three-dimensional calculations with an assumed linear profile T amb ¼ T lin ¼ T 0 þ ðz=dÞðT room À T cold Þ reveals that the free surface is at almost constant temperature T QT cold þ 0:7 Á DT, except near the top and bottom. (This is precisely the same result obtained in open air but with T amb ¼ T const ). Thus the physical problem in the gas phase can be formulated as follows: a volume of gas is confined between two di¤erently heated walls (the LB hot interface Figure 6 Temperature isolines in the gas phase near the interface; 5-cSt silicone oil, V ¼ 1:2.
The system is slightly above the threshold of instability.
and the cold wall of the shielding); see Figure 7 . The temperature of the shielding is equal to that of the cold rod, T QT cold ¼ T room . For this configuration a buoyancy force will cause convection in the gas phase which moves down along the cold side. For the set-up with shielding, the Grashof number in the gas phase is relatively small: Gr ¼ gb gas DTð2R 0 À R 0 Þ 3 =n 2 gas ¼ 150. The liquid at the free surface is moving down and the motion of the gas will be equal to the stronger free surface flow. Hence one more vortex will appear in the gas phase near the liquid free surface. The final flow organization is shown schematically in Figure 7 . These two vortices in the gas phase transport the cold gas close to the free surface. Thus a linear temperature profile will be established near the liquid surface. These theoretical assumptions have been verified by numerical modeling.
The following argument provides additional indirect confirmation of our assumptions. Above the onset of instability, the experimentally recorded temperature oscillations in the shielded liquid bridge is very similar to those from simulations with the ambient temperature in Eq. (3) having a linear profile. Both the simulations and the experiments reveal that the time-dependent signal TðtÞ is quite smooth and the power spectrum exhibits only a few weak harmonics.
Stability results
Influence of the cold wall temperature
Liquid bridges with deformed free surfaces are conventionally classified into two classes: slender (small amount of liquid, concave shape, V < 1) and fat (convex shape, V > 1). Moreover, in laboratory conditions the liquid bridge shape is concave near the top and convex near the bottom. For liquid bridges with non-flat interfaces, the critical DT strongly depends upon the liquid volume.
The experimental stability diagram DT cr versus volume V consists of two oscillatory instability branches. Between these two oscillatory branches there is a small range of volumes for which the steady flow is stable for very high values of the applied temperature di¤erence, DT. The critical DT for slender liquid bridges (concave) is smaller than that for the fat ones; for example see Figures 4 and 5 in [2] . For high Prandtl number liquids, the oscillatory instability begins as a supercritical Hopf bifurcation. Usually for the slender liquid bridges and high Prandtl number, the supercritical flow pattern is a traveling azimuthal wave with wave number m ¼ 1. Here we provide further insight into this stability problem.
A 10-cSt silicone oil was used as a test liquid in the experiments of this section. During each test, T cold was fixed at a prescribed value and the temperature of the hot rod was gradually increased until the flow became oscillatory.
In the experiments with shielding, the temperature of the shield was equal T cold . Room temperature was constant during the tests.
In the experiments with 2-cSt and 5-cSt silicone oils, Kamotani et al. [8] observed the dependence of DT cr on the temperature of cold rod in nearly flat liquid bridges, V Q1, and aspect ratios G ¼ 1.26-1.36.
In our experiments we discovered that the e¤ect of T cold on the critical parameters depends upon the volume of the liquid bridge. Varying T cold changes both the mean temperature in the system and the heat transfer from the liquid interface. Changes in the mean temperature result in modification of the viscosity. For this reason, we present our results in terms of DT cr and not the Marangoni or Reynold numbers, which depend on the viscosity.
The dependence of the critical temperature di¤erence DT cr on the cold rod temperature T cold is shown in Figure 8 for V ¼ 0:7 (cubes), V ¼ 0:8 (triangles), and V ¼ 0:9 (circles). The large number of experimental points indicates that the results are reliable. Each experiment lasted a few hours and provided one data point. The scatter of the experimental points may be due to the arbitrary external disturbances and also implies small variations in the room temperature. The solid lines are least squares fit of the experimental points.
The general tendency for LBs with relatively small volumes V < 1 is that increasing the temperature of the cold wall destabilizes the flow. The temperature of the lower rod is varied in a large range: 10 C < T cold < 32 C. The stability diagram reveals the same feature for V ¼ 0:7 and V ¼ 0:9. The flow patterns for both volumes V ¼ 0:7 and V ¼ 0:9 exhibit an azimuthal wave with m ¼ 1 along the entire range of T cold . The decrease of DT cr is smooth with similar slopes. The smaller volume has a slightly smaller slope, dDT cr =dDT cold ¼ À0:347 for V ¼ 0:7 and dDT cr =dDT cold ¼ À0:363 for V ¼ 0:9, indicating weaker dependence on the cold wall temperature. This destabilizing behavior cannot be explained only by the variation of viscosity and consecutively by Pr, although it is a major impact. The 10-cSt silicone oil has the following temperature dependence:
Thus the variation of Pr is in the range 99 < Pr < 117. In the considered range of Prandtl numbers, 3D numerical calculations for a cylindrical LB, taking into account viscosity variation in the bulk according to Eq. (5), shows only 5-10% di¤erence comparing with the experimental results, see [2] . This residual discrepancy should be removed by taking into account the shape of the LB and by the appropriate interfacial heat transfer. Note: the 3D calculations with constant viscosity result in 30% di¤erence with an experimental data.
A fascinating behavior was discovered for V ¼ 0:8. In contrast to the smaller ðV ¼ 0:7Þ and the larger volumes ðV ¼ 0:9Þ, the dependence of DT cr on T cold consists of 2 branches. These branches not only exhibit various Results of a more detailed study of this unusual behavior when V ¼ 0:8 are shown in Figure 9 for shielded and non-shielded LBs. Solid lines correspond to the experiment in open air and the dashed lines correspond to the experiments with shielding. The outcome of both experimental conditions for the region of lower T cold give the same flow organization, an azimuthal wave with m ¼ 1. Instability begins as a standing wave that switches to a traveling wave with small increase of DT. It is remarkable that the largest di¤erence in DT cr between the shielded and non-shielded LBs is found at T cold close to the room temperature. In both experiments, the temperatures of the ambient gas are equal at some distance from the interface as T shield ¼ T cold ¼ T amb . Thus the main e¤ect is coming from the shape of the temperature distribution near the free surface and not from the value of the temperature itself.
Fourier analysis of the temperature signals from the thermocouples shows that the spectrum near the critical point is polluted by sub-harmonics in the non-shielded experiments. In the shielded case the spectrum is cleaner. The frequency at the onset of instability, f cr , is uniquely determined by the wave number. For the mode m ¼ 1, the frequency lies in the band f cr ¼ 0:40 e 0:01 and for the mode m ¼ 2 in the band f cr ¼ 0:46 e 0:01 (shielded liquid bridge). Analysis of the spectral results demonstrates that the critical frequency does not depend on T cold . The scatter in the result is about 2.5% and does not have any regular dependence on T cold . For the non-shielded experiments, the frequency has the same tendency, but the values of critical frequencies for di¤erent modes are about 5% larger.
Another interesting point of the V ¼ 0:8 LB is the behavior of the stability diagram in the mode-transition region. One can see in Figure 9 that either mode m ¼ 1 or m ¼ 2 can be excited for the non-shielded liquid bridge in the narrow range 20:7 C < T cold < 23 C. From a statistical point of view, both modes have the same probability to exist. In the case of the shielded liquid bridge, the mode transition is very strict. The mode m ¼ 1 was strictly observed when 10 C < T cold < 20:7 C and never found experimentally when T cold > 20:7 C. The experiments in the vicinity of this transition were repeated several times with the same conclusions. Moreover, for the m ¼ 2 flow, all the experimental points lie precisely on a straight line. Thus one may suggest that the stability branch for the m ¼ 1 flow pattern sharply bends upward and may be represented by a third straight line segment near the transition point, T cold ¼ 20:7 C; see [2] .
The e¤ect of shielding on the slopes of the curves is not very strong but it is not negligible. The slopes presented in Figure 9 are also given in Table 4 . In the case of a shielded LB, both branches of the stability diagram m ¼ 1 and m ¼ 2 have similar slopes. In the case of experiments in open air, the slopes of the branches are more dissimilar. Note that the slopes with V ¼ 0:7 and V ¼ 0:9 curves are much smaller.
The role of ambient temperature
A series of experiments with 5-cSt silicone oil as the test liquid were conducted mainly in fat liquid bridges, particularly with V ¼ 1:2. It is di‰cult to carry out experiments for such large volumes in ground conditions; small mechanical disturbances can provoke liquid leakage through the edge at the bottom rod, even under isothermal conditions. This problem becomes more severe with increasing temperature di¤erences. Another problem is the determination of DT cr . One should wait quite a long time to be sure of established sustained oscillations. It is possible to observe regular oscillations from all Table 4 Slope of the curves in Figure 9 for V ¼ 0:8. Tang et al. [19] reported the existence of stationary (non-oscillatory) instabilities in fat liquid bridges. They detected these 3D steady states, arising before the onset of the oscillatory ones, by comparing measurements of velocity and temperature at a few points at the same r and z and di¤erent azimuthal angles. In the present experiments, such a stationary instability was not observed from the temperature records of the thermocouples. Unlike [19] , here we consider di¤erences in thermocouple readings of 0.02 C or less as experimental errors.
We found the threshold of oscillatory instability to be extremely sensitive to the surrounding conditions of the fat liquid bridges. Figure 10a demonstrates strong stabilization of the flow with increasing temperature of the ambient gas for both experimental conditions. DT cr significantly goes up with increasing T amb . Indeed, the slope dDT cr =dT amb Q4:4 for the non-shielded LB and is about 3.5 for the shielded LB.
The dependence on ambient conditions for the slender liquid bridge V ¼ 0:75, also shown in Figure 10a (dashed line), is very di¤erent. Not only is the slope 15 times smaller, but it is negative with dDT cr =dT amb QÀ0:29. Increasing the ambient temperature sligtly destabilizes the flow. Figure 10b summarizes the influence of both ambient and cold rod temperatures. The behavior and slope of the curves in Figure 10a ,b are quite similar. Since the experiments leading to Figure 10a ,b were performed at various T amb and T cold , it can be concluded that T amb plays a dominant role in setting the critical parameters in the Figure 10 The dependence of DT cr on (a) the ambient gas temperature T amb and on (b) the di¤erence between the cold rod and ambient temperatures T cold À T amb . Solid and dotted lines correspond to V=V 0 ¼ 1:2 for the non-shielded (nsh) and shielded (sh) cases. The dashed line corresponds to the slender liquid bridge V=V 0 ¼ 0:75. temperature range considered. Kamotani et al. [8] observed similar dependence of DT cr on T cold À T amb as those shown in Figure 10b in a liquid bridge with V Q1 and aspect ratios G ¼ 1.26-1.36. The extremely di¤erent behavior of slender and fat LBs with respect to variations in T amb requires further research.
Conclusions
More complex and realistic models of liquid bridges are the subjects of current research. The influence of surrounding conditions is found to be important. The structure of the temperature field in the air near the interface and its influence on the onset of instability was experimentally investigated for high Prandtl number liquids. Comparing the temperature profiles on the free surface and the nearby gas phase indicates a ''jump'' in the temperature across the free surface T liq À T gas Q0:45DT, or approximately 9 K on a distance 0.7-1 mm, which cannot be easily explained. This jump was observed for different shapes of the free surface V ¼ 0.8-1.2. Thus the e¤ect of the interface shape does not significantly influence the interfacial heat transfer. However, the temperature distribution in the surrounding air plays an important role in the heat exchange.
We also studied the influence of the cold wall temperature on the onset of instability. Increasing the temperature of the cold wall destabilizes the flow. The variation of viscosity with temperature plays the principal role, although the e¤ects of interfacial heat transfer and LB volume are not negligible. The largest impact of T cold on the onset of instability for shielded and non-shielded LB is observed (particularly for V ¼ 0:8) when T shield ¼ T cold ¼ T amb . The temperature distribution in the gas is responsible for this behavior. It results in a stability diagram consisting of two branches that belong to di¤erent wave numbers m ¼ 1 and m ¼ 2.
A detailed investigation of the role of T amb on the threshold of instability for V ¼ 0:75 and V ¼ 1:2 was conducted. The fat liquid bridge V ¼ 1:2 is strongly stabilized with the increasing of T amb while the slender LB revealed the opposite tendency. The critical temperature di¤erence for slender LBs exhibits very small decrease with the increase of T amb .
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